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Abstract: The hydroboration of alkynes and styrene
with HBpin has been developed using tris(pentaflur-
ophenyl)borane (B(C6F5)3) as the initiator of catal-
ysis. The hydroboration is proposed to be initiated
by Lewis acid activation of the alkyne by (B(C6F5)3)
to form a highly reactive zwitterionic species which
subsequently react with HBpin to give the alkenyl
boronic ester. This zwitterion has also showed
potential to be a competent catalyst for the hydro-
boration of styrene. The zwitterionic intermediate is
analogous to that proposed in the Piers borane-
catalysed hydroboration and 1,1-carboboration of
alkynes with B(C6F5)3.
Keywords: Zwitterion; hydroboration; main-group
chemistry; homogeneous catalysis; alkyne
Organoboron species are key building blocks in
organic synthesis, and thus numerous methods have
been developed for the synthesis of bench-stable
boronic esters.[1–6] The uncatalysed hydroboration of
alkenes and alkynes represents the simplest method for
the preparation of alkyl- and alkenyl boronic esters.
However, and unlike boranes, boronic esters suffer
from an inherent lack of reactivity towards alkenes and
alkynes. Thus, transition metal-[7] and main group-
catalysed[8] hydroboration reactions have risen to the
fore. Stephan reported the hydroboration of alkynes
catalysed by Piers borane [HB(C6F5)2] (Scheme 1, A).
Catalysis was proposed to be initiated by alkyne
hydroboration with HB(C6F5)2 and a subsequent hydro-
boration of the generated alkenyl borane by HBpin to
form the active catalyst, a 1,1-diborylated species (I).[9]
The 1,1-diboryl species (I) was proposed to activate a
further molecule of alkyne to give a zwitterion (II) and
undergo a concerted 1,2-hydroboration with HBpin to
give the product and regenerate the catalyst (I).
The 1,1-carboboration of alkynes is a well-estab-
lished method for the preparation of alkenyl boranes 3
(Scheme 1, B).[10] Here, the strong Lewis acid B(C6F5)3
is proposed to react with a stoichiometric amount of
alkyne to generate a zwitterionic intermediate (III).
This undergoes a Fritsch-Buttenberg-Wiechell
rearrangement[11] to give the alkenyl borane 3. The
similarity between the 1,1-carboboration intermediate
(III) and the catalyst structure proposed by Stephan for
alkyne hydroboration (II) led us to question if any
crossover was possible between these two chemistries
and that of wider frustrated Lewis-pair- chemistry.[12]
Our recent isolation and characterisation of the
zwitterionic intermediate in 1,1-carboboration allowed
us to directly explore the potential for divergent
reactivity of this species and direct reactivity towards
hydroboration, where the role of the zwitterion has not
been experimentally established (Scheme 1, C).[13]
Using the zwitterion generated from phenyl
acetylene 4a, we began investigating the catalytic
activity of these for the hydroboration of alkynes.
Reaction of zwitterion 4a (<10 mol%) with phenyl
acetylene in the presence of HBpin gave the hydro-
boration product in excellent yield, so confirming the
catalytic potential of the zwitterion (see SI, S  R1). In
order to simplify the procedure, the zwitterion was
generated in situ by the reaction of B(C6F5)3 with the
alkyne substrate (as confirmed by specific colour
change). Essentially allowing the direct use of
B(C6F5)3 as a pre-catalysts. Using B(C6F5)3 (20 mol%)
in the presence of 1-octyne and pinacolborane gave
complete conversion of the starting material to the
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alkenyl boronic ester in excellent isolated yield, and
with full control of regioselecivity (Table 1). While the
use of different boron Lewis acids promoted alkyne
hydroboration, the activity of these catalysts was
significantly lower than of B(C6F5)3 (see SI, Table S1)
We assessed various reaction parameters using
B(C6F5)3 as a pre-catalyst to determine the optimal
reaction conditions (see SI, Tables S2–S7), and ex-
plored the substrate scope of the hydroboration with a
variety of alkynes using 2.5 mol% of B(C6F5)3 and
1.1 eq. of pinacolborane.
Terminal alkyl- and aryl-substituted alkynes all
underwent successful hydroboration (2a–2k), the alkyl
substituent steric parameters had little effect on
catalytic activity with primary (2a), secondary (2b),
tertiary (2c) groups all showing equal reactivity.
Halide- and silyl-substituents (2e–2 f) were tolerated
under the reaction conditions showing the potential for
further orthogonal functionalisation of the products.
Chemoselective alkyne hydroboration was observed in
the presence of an alkene (2d).
Variation of the electronic character of the alkyne
aryl substituent again showed that catalytic activity
was maintained across arenes bearing either electron-
donating (2h) or electron-withdrawing (2 i–2j) sub-
stituents. Finally, we explored the reactions of more
challenging internal alkynes. Symmetrical alkynes
with both aryl- (2 l) and alkyl substituents (2n) under-
went hydroboration in moderate to good yield and
even unsymmetrical disubstituted alkynes were con-
verted to the alkenyl boronic esters with good
regioselectivity (9:1) using this protocol (2m, 2o).
Having established a protocol for alkyne hydro-
boration, we investigated the role of the zwitterion in
catalysis. To rule out the formation of Piers borane
under reaction conditions, a stoichiometric reaction of
B(C6F5)3 with HBpin was carried out with only borane
decomposition, along with concurrent H2 generation,
Scheme 1. A: HB(C6F5)2-catalysed hydroboration of alkynes. B:
1,1-Carboboration and characterised zwitterionic intermediates.
C: This work.
Table 1. Scope of alkyne hydroboration. Reaction conditions:
B(C6F5)3 (2.5 mol%), toluene, 2 h, 60 °C. Isolated yields
reported.[a] Obtained as mixture of regioisomers. Ratio of
regioisomers in parentheses. Major regioisomer shown.
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observed by in situ 11B and 1H NMR (Scheme 2, A).[14]
The diazabicyclo[2.2.2]octane (DABCO) adduct 3 of
the zwitterion 4a was tested for catalytic activity in the
hydroboration of phenyl acetylene with no conversion
observed at 2.5 mol% loading and only 15% conver-
sion at 10 mol% loading (Scheme 2, B). Presumably
the strong binding of DABCO essentially quenches the
Lewis acidity of adduct 4a and that DABCO binding
is effectively irreversible under these conditions.
To clarify the role of the Lewis base we tested the
DABCO  B(C6F5)3 adduct for catalytic activity under
our optimised reaction conditions (Scheme 2, C). No
catalysis was observed under standard reaction con-
ditions and only when the catalyst loading was
increased was catalytic activity observed, albeit with
much reduced yield of the alkenyl boronic ester.
Hydride shift between HBpin and B(C6F5)3[15] and an
increase in deleterious side-reactions was observed
(see SI, S  R5). The addition of DABCO thus inhibits
catalysis both by coordination to any free B(C6F5)3, but
also by trapping any zwitterion as the catalytically
inactive DABCO adduct 4c.
As the para-methoxy substituted zwitterion 4b
exhibited increased thermal stability compared to the
unsubstituted parent compound, we next investigated
catalyst turnover using this species. However, stoichio-
metric studies were hampered by pinacol
rearrangement[16] of the dioxaborolane (HBpin) diol,
presumably mediated by the high Lewis acidity of 4b
(Scheme 2, D and see SI, S  R6). BH3 was not
observed under these conditions, but an unobserved
catalytic role cannot be ruled out.[8k] However, when
sub-stoichiometric loading of zwitterion 4b was used,
no pinacol rearrangement was observed. Using the
para-methoxy substituted zwitterion 4b as the catalyst,
generated in situ from para-methoxyacetylene and
B(C6F5)3 prior to HBpin addition, successful hydro-
boration was observed to give the alkenyl boronic ester
2h (80%) within 2 hours (Scheme 3, E). Based on
these experiments the reaction is proposed to proceed
by Lewis acid activation of the alkyne to form a highly
reactive zwitterion. Subsequent interaction of this
species with pinacolborane led to the product and
catalyst regeneration.
Having established the competence of B(C6F5)3 in
initiating catalysis through a zwitterion 4a for the
hydroboration of alkynes, we began to explore its
potential in further applications. Recently, Oestreich
and co-workers reported a detailed analysis of the
difference in catalytic behavior of B(C6F5)3 and
B(3,5  F3C  C6H3)3.[14] While the stronger Lewis acid
B(3,5  F3C  C6H3) was able to promote the hydro-
boration of alkenes, the parent compound B(C6F5)3 was
not a competent catalyst. Hence, we questioned if the
Lewis acidic zwitterion, formed by interaction between
phenylacetylene and B(C6F5)3, would be an effective
catalyst for this transformation. Formation of a sub-
stoichiometric amount of the zwitterion 4a in situ by
mixing phenyl acetylene and B(C6F5)3 (5 mol%) in the
presence of styrene and pinacolborane led to complete
conversion of styrene to give the alkyl boronic ester in
excellent yield, and with complete control of regiose-
lectivity (Scheme 3). Performing the reaction without
any added alkyne, so preventing zwitterion 4a for-
mation, resulted only in trace amounts of the product,
in accordance with Oestreich and co-workers, confirm-
ing the pivotal role of the alkyne and zwitterion 4a.
In conclusion we have demonstrated that the role of
B(C6F5)3 in hydroboration catalysis can be more
Scheme 2.Mechanistic Studies. A: Reaction of B(C6F5)3 and
HBpin. B: Catalysis using zwitterion 4c. C: Catalysis using
zwitterion DABCO·B(C6F5)3 adduct. D: Zwitterion 4b mediated
pinacol rearrangement of HBpin. E: Hydroboration catalysis
using zwitterion 4b. Scheme 3. Zwitterion-catalysed hydroboration of styrene.
COMMUNICATIONS asc.wiley-vch.de
Adv. Synth. Catal. 2021, 363, 1–5 © 2021 The Authors. Advanced Synthesis & Catalysis
published by Wiley-VCH GmbH
3
These are not the final page numbers! ��
Wiley VCH Donnerstag, 07.01.2021
2199 / 190518 [S. 3/5] 1
complex than immediately apparent. In the presence of
an alkyne, a zwitterionic intermediate 4 is formed and
subsequently acts as a catalyst for the hydroboration
reaction. This zwitterion is a strong enough Lewis acid
to catalyze the hydroboration of alkenes and thus may
offer a potential route to explore further reactivity of
the archetypal boron Lewis acid.
Experimental Section
General procedure for hydroboration reaction:
The alkyne (0.75 mmol) was added to a solution of B(C6F5)3
(0.0187 mmol, 9.6 mg) in toluene (0.75 mL) and HBpin
(0.82 mmol, 0.120 mL) was then added at room temperature.
The reaction mixture was stirred for 2 hours at 60 °C. The
mixture was filtered through a short pad of silica, and the
product was purified by flash chromatography.
For further details (NMR spectra, optimization and substrate
isolation) please see the supporting information.
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